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Abstract 
The physical integrity and photocatalytic performance of titanium dioxide (TiO2) deteriorate 
with aging. Here we propose a pre-treatment with nitric or sulfuric acid of commercial TiO2 
nanopowders used in coating, mortars, or paints. The diffuse reflectance is increased between 1500 
and 2500 nm by 0.04 and 0.06, respectively, with nitric and sulfuric acid (unaffected by 
neutralization). Nitric acid causes a decrease in crystallinity and photocatalytic activity, which drops 
by almost 20%; this drawback is prevented by post-treatment neutralization, which allows to 
recover initial photocatalytic efficiency and even increase it. Treatment with sulfuric acid shows no 
significant effect on photoactivity, instead.  
 
Keywords: Acid treatment, photocatalysis, P25, self-cleaning, solar reflectance, TiO2 
Highlights 
• We treated anatase-rutile nano-powders with HNO3 or H2SO4. 
• HNO3 decreases crystallinity and photoactivity (prevented by neutralization). 
• Photoactivity and crystallinity are unaffected by H2SO4. 
• H2SO4 increases the reflectance (1500-2500 nm) of paints with treated TiO2. 
• This treatment can improve the performance over time of TiO2 added materials. 
1. Introduction 
Well before the discovery of its photocatalytic properties, titanium dioxide (TiO2) has been 
used massively as a white pigment in textiles and paints [1], where in fact traces of its reactivity 
were perceived in the form of alterations of supporting materials – such as degradation of paints and 
fabrics, or bleaching of dyes. Still, the first scientific work on this subject dates back only to 1929 
[2], suggesting an active role of TiO2 in the fading of paints. Eventually, the presence of active 
oxygen species detected on TiO2 surface was identified as cause of the photobleaching of dyes in 
presence of UV-irradiated TiO2 in the late 1930s [3], but the mechanisms of heterogeneous 
photocatalysis in presence of metal oxides were only described in the second half of XX century, 
and in the 1970s proofs of TiO2 photocatalytic activity were published [4,5]. Finally, in the 1990s, 
the self-cleaning effect of TiO2-containing materials was revealed [6]. Since then, large attention 
has been dedicated to the integration of this oxide in building materials, with possible positive 
consequences on the quality of the surrounding environment – i.e., cleaner air – and on the 
reduction of maintenance costs [7–9]. Several buildings have been designed to take advantage of 
TiO2 photocatalytic and self-cleaning activity, such as the Marunouchi Building (or Marubiru), in 
Tokyo, opened in 2002, one of the first buildings featuring self-cleaning window glasses, the jubilee 
church Dives in Misericordia, built in Rome in 2003, the Hospital Manuel Gea Gonzalez (Mexico 
City) completed in 2013, or the Italian pavilion at the Milano Expo 2015 Universal Exposition. 
The applications of TiO2 containing building materials have been widening in the last years, 
going from the obtaining of self-cleaning façades [10–14] or roads [15–19] with added antipollution 
effects [20–23] to the development of preservation treatments for architectural heritage, especially 
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in stone [24–28]. While the mechanisms of photocatalytic and self-cleaning activity have been long 
studied, together with the development of materials with improved photoactivated performance, 
their durability and the appraisal of the photoactivated effects over time, in real working conditions, 
remain only marginally treated. This is particularly true in the case of building materials used 
outdoors, where environmental agents such as rain, wind, pollution and microbiological growth 
may gradually deactivate the TiO2 component, or cause the degradation of the whole material by 
erosion or other physical mechanisms [11,12,29–32]. 
In more recent times, a further aspect related to the presence of TiO2 has been analyzed, 
which refers to its potential as cool pigment [33–36]. Cool surfaces do not overheat under the sun as 
they present a high solar reflectance, namely the ratio of reflected to incident solar radiation, and 
high thermal emittance, namely the ratio of emitted thermal radiation to that emitted by a black 
body. The use of cool materials for built surfaces, especially for roofing, minimizes the solar heat 
gains in buildings, reducing the cooling energy needs and peak power demand, and mitigate the 
local climate, reducing the heat released in the urban environment [37–41]. Since weathering and 
soiling can greatly reduce these benefits [41–44], recent building energy regulations, such as the 
Title 24 of the State of California, prescribe that non-residential roofs shall have a minimum aged 
solar reflectance (after three years) of 0.63 [45]. We recently demonstrated that anatase added 
materials suffer a less pronounced drop in solar reflectance upon environmental exposure (0.19 
instead of 0.26, after two years) [35]. In the second portion of the near-infrared wavelength range, 
namely between 1500 nm and 2500 nm, as aging proceeds, the reflectance increases even in 
comparison to the freshly prepared material, which was ascribed to the material photocatalytic NOx 
degradation, responsible for the formation of nitric acid that alters the optical properties of the TiO2 
nanoparticles (NPs) present in the material [29,35]. 
This article presents a change in perspective with respect to the issue of self-cleaning TiO2-
contaning materials with high solar reflectance. In fact, in the present study, TiO2 NPs are modified 
to enhance their optical properties before adding them to the building material of interest, in this 
case, an acrylic paint. Two possible acid treatments are employed to this aim, i.e., with diluted nitric 
acid or sulfuric acid. Moreover, since these modified powders are envisioned as admixtures to 
construction materials (mortars, paints), with related handling issues, a final step of powders 
neutralization is also proposed and evaluated, to check whether modifications obtained by acid 
treatment are maintained also in neutralized powders. The TiO2-containing paint was then 
characterized from the point of view of its optical properties as well as its photocatalytic 
performance. 
2. Experimental 
Samples preparation 
The passages followed to prepare TiO2 containing samples are summarized in Figure 1. The 
photocatalyst used in the preparation and study of paint samples is AEROXIDE® TiO2 P25 by 
Evonik Industries. It contains a combination of anatase and rutile of about 80 % - 20 % with purity 
> 99.5 % and specific surface area of 35-65 m2/g. 1 g of nanoparticles was first dispersed in 4 g of 
distilled water before incorporation into the paint, producing a suspension of TiO2 and distilled 
water with [1:4] ratio. Although an ultrasonic bath was used, the suspension still contained 
agglomerated nanoparticles and had a slightly milky appearance. Nitric acid and sulfuric acid were 
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diluted (0.5 % by weight for HNO3 and 0.1 % for H2SO4) and 5 g of solution were added to the 
aqueous TiO2 suspension to perform an acid treatment of the NPs, which was shown to produce 
positive effects on their NIR reflectance [35]. A new solution was then obtained, containing 10 % 
by weight of TiO2. The mixture was then evaporated on an electric plate at approximately 50 °C, to 
reduce the water content before mixing with the paint, giving a total duration of the NPs-acid 
contact of 3 h; the final TiO2 concentration was 33.3% (TiO2:solvent in a ratio 1:2). In a latter 
formulation, after this interaction time and before incorporation in the paint, the mixture was also 
neutralized by adding a stoichiometric quantity of NaOH aqueous solution. Table 1 reports the 
sample labels as a function of the TiO2 nanoparticles treatment. Each composition was used to 
produce at least two samples to be used in optical measurements and two samples to be used in 
photocatalysis tests. 
Since photocatalytic paints are commonly used in buildings to produce self-cleaning coatings, a 
white acrylic paint was chosen as support for TiO2 nanoparticles. We first tested the addition of the 
same diluted nitric acid solution, 0.5% by weight, to the paint, to verify if the incorporation of acid 
together with the nanoparticles could be detrimental to the paint itself, but no reaction was observed 
and a homogeneous mixture of paint and acid solution was obtained. The same was verified with 
sulfuric acid. It was therefore assumed that the acid contained in the NPs would not adversely affect 
the paint. 
Fine quartz sand with 0.06-0.1 mm granulometry was used as a dimensional stabilizer, to 
produce homogeneous and crack-free thick samples of paint mixed with TiO2 suspension, as 
required for optical measurements performed in reflectance mode, where the sample thickness and 
opacity is essential to avoid light from being transmitted through the sample. The optimal ratio of 
TiO2, water (at the moment of the mixing), paint and sand was found to be 1:2:4:10, where each 
sample contains 6.67 % by weight of TiO2. This is comparable to commercial coatings, which 
generally contain amounts of TiO2 that range from 1 to 10 % by weight. Final samples containing 
sand had dimensions 30 mm x 60 mm x 3 mm. 
 
 
Figure 1 – Samples preparation steps and illustrative samples pictures. 
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Table 1 – Samples labels and corresponding composition 
Label TiO2 particles 
pre-immersion 
TiO2 content 
(% by weight) 
Paint content 
(% by weight) 
Sand content 
(% by weight) 
Neutralization 
with NaOH 
Ref - - 33.3 66.7 - 
H-T 
In DI H2O 
20 80 - - 
H-T-S 6.67 26.7 66.7 - 
N-T 
In HNO3 0.5 M 
20 80 - - 
N-T-S 6.67 26.7 66.7 - 
N-TN-S 6.67 26.7 66.7 Yes 
S-T 
In H2SO4 0.1 M 
20 80 - - 
S-T-S 6.67 26.7 66.7 - 
S-TN-S 6.67 26.7 66.7 Yes 
 
Characterization 
The crystallinity of P25 NPs, both acid-treated and further neutralized, was tested by means 
of X-ray diffraction spectrometry. A Philips PW 1830 instrument was employed, using Cu Kα 
radiation (40 kV applied tension, 0.5 deg/min scan rate). Particle morphology was analyzed by 
means of TEM analyses, which were performed with a Philips CM200 FEG (200 kV applied 
tension, electron wavelength 0.251 Å, 0.19 nm resolution). Samples were prepared by depositing 
one drop of powder aqueous suspension on a copper grid coated with amorphous carbon and 
allowing it to dry before the analysis. 
Before optical measurements, samples were allowed to dry for at least 14 days to achieve an 
equilibrium amount of water left in the material. This phase was particularly important to eliminate 
measurement errors related to different amounts of water contained in the samples, since water 
strongly affects reflectance in the whole light spectrum. UV-Vis-NIR reflectance measurements 
were carried out between 300 and 2500 nm, with a spectral resolution of 5 nm, with a Perkin Elmer 
Lambda 950 spectrometer, equipped with a 150 mm integrating sphere. The slit in the Vis range 
was set to 2 nm from 300 to 860 nm, and in servo mode for the rest of the scan, with a characterized 
area of approximately 15 mm x 15 mm between 1500 and 2500 nm. For each set of samples, three 
measurements per sample were performed on non-overlapping spots, and the average spectral curve 
computed. 
Broadband values were then computed considering the solar spectral irradiance distribution 
for clear sky conditions and air mass equal to 1 [46]. ρs and ρn2 are, respectively, the solar 
reflectance and the broadband reflectance in the range between 1500 and 2500 nm. 
The photocatalytic activity of samples H-T and H-T-S, i.e., mixtures of non-treated TiO2 with only 
paint or paint and sand, was measured and compared, in order to verify the effect of sand addition 
on photoactivity. Then, the full characterization was performed on complete samples (paint, sand, 
and NPs). To check photocatalytic activity, rhodamine B – an azo dye with magenta hue – was 
chosen, as it is commonly accepted and utilized to test the efficiency of photocatalytic materials as 
representative of organic pollutants, as attested by several independent research groups 
[14,29,31,47–50].  
Samples were immersed in an aqueous solution of the dye with concentration 10-5 M for 3 h, 
dried and then exposed to artificial light simulating the solar spectrum (Osram Vitalux lamp, 
300 W) with UV intensity at 370 nm of 1 mW cm-2 for 4 h. All samples were characterized in 
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double, conducting simultaneously measurements on one sample per type of material: UV 
irradiation at 365 nm was set at the same intensity in each spot utilized for the tests by means of a 
radiometer UM-10 by Konica Minolta. Their color before and after irradiation was measured by 
reflectance spectrophotometry, using a Konica Minolta CM-2600d spectrophotometer. The software 
Spectramagic NX was then used to convert reflectance information into color coordinates L* a* b* 
in the color space CIELab, as defined by the Commission Intérnationale de l’Éclairage [51]. 
Rhodamine B degradation was correlated to the decrease in the a* (red) coordinate of color, 
representing a loss of intensity in red and therefore a discoloration of the dye. 
3. Results and discussion 
Sample preparation required a careful adjustment of mix parameters in order to achieve a 
crack-free, thick sample suitable for optical measurements, where the presence of cracks may cause 
differential optical penetration depths over the surface of the specimen, altering its optical response. 
For this reason, all measurements of UV-Vis-NIR reflectance were performed on the sand-
containing specimens (labels ending with S).  
Figure 2 summarizes the results of UV-Vis-NIR measurements on reference samples 
(paint+sand, with no TiO2 admixture or with non-modified TiO2), on samples containing acid-
treated TiO2 nanoparticles (Fig. 2a) and on samples produced with nanoparticles that were first acid 
treated, and then neutralized with stoichiometric NaOH before mixing with paint (Fig. 2b). 
 
 
Figure 2 – UV-Vis-NIR measurements on samples produced by mixing TiO2 NPs, either acid-
treated or not, with an acrylic paint and quartz sand. Left: reference samples (only paint+sand, Ref, 
and with non-modified TiO2, H-T) and acid-treated NPs; right: acid-treated and then neutralized 
NPs (with H-T-S for easier comparison). 
 
A first observation concerns the effect of TiO2 P25 addition to the paint and sand mixture, 
which produces a negligible effect on solar reflectance, as attested by the similar positions of curves 
Ref and H-T. This is due to the presence of rutile as white pigment in the paint base formulation, 
which already ensures a high reflectance, especially in the visible spectral region. The choice of 
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mixing P25 nanoparticles with a paint was indeed due to several reasons, as it provides: easier 
binding of nanoparticles to avoid dispersion and possible operator health issues; a material where 
TiO2 admixtures find common application; and a material that already contains pigmentary TiO2. In 
this way, differences observed in samples containing acid-treated powders would only be due to the 
P25 powders properties, while any possible influence of TiO2-matrix interactions on optical or 
photocatalytic properties would already be accounted for, both in the reference and in the modified 
material, thanks to the presence of pigmentary TiO2. 
As already proved [35], the acid treatment increases reflectance. While in the cited previous study 
the powder analyses, from a morphological and optical point of view, were made only on TiO2 NPs, 
this time a complex material is proposed, suitable for real applications in terms of composition and 
TiO2 content, and the effect of NIR reflectance increase is actually maintained. Computing the 
broadband reflectance in the wavelength range between 1500 and 2500 nm, an increase by 0.04 and 
0.06 in reflectance, namely by 7 % and 11 %, is obtained when NPs are treated with nitric acid and 
sulfuric acid, respectively, with respect to water treated samples. These differences largely exceed 
the measurement uncertainty due to repeatability, as previously observed [35]. This improvement is 
mostly maintained when NPs are neutralized before mixing with paint and sand, with only small 
losses at the longest wavelengths on HNO3 treated NPs: it is then possible to assume that the optical 
effect is not only due to the direct contact with acid but is maintained once NPs are prepared for use 
in building materials, where the use of strong acids is not recommended. 
Although the increase in solar reflectance for N-TN-S and S-TN-S samples is modest, the 
effect in the 1500 – 2500 nm wavelength range, a spectral region typically unaffected by weathering 
and soiling, can prove useful to retain over time the optical performance as much as possible. For 
the samples treated with H2SO4, the NIR reflectance is increased to 0.77 (0.75 for the water treated 
samples), while for the samples treated with HNO3 there is no change.  
Interestingly, the visual aspect of the materials produced with the differently treated NPs did not 
undergo any variation, as attested by the overlapping of reflectance spectra in the visible light 
range, also shown in Figure 2. This aspect is also important, in order to guarantee the correct façade 
visual conditions from the material production stage, thus providing an admixture with improved 
NIR reflectance behavior but unaltered visual properties.   
 
Figure 3 – XRD spectra of P25 powders before treatment, after acid treatment and after 
neutralization. Labels recall Table 1 although samples do not contain paint. 
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Results of XRD measurements are reported in Figure 3. Tests were performed on TiO2 NPs 
without any paint or sand added, to avoid loss of information due to the presence of rutile white 
pigments in the paint. The slight shift in anatase peak position (25.3° to 25.4°) in acid treated 
samples compared to P25 is so small that it may be considered negligible; even considering it 
relevant, it may be attributed to defects created by the acids and/or impurities remaining on the 
particles surface, which is in agreement with previous observations [35]. Immersion in nitric acid 
causes a decrease in NPs crystallinity that is associated with a decrease in intensity of the anatase 
peak at 25.2°. This could be ascribed to an amorphization of NPs, which may interest the whole 
nanoparticle volume or, most likely, be limited to its surface. Indeed, neutralization apparently 
restores the initial crystallinity condition. This supports our previous hypothesis that nitric acid acts 
on the particles surface creating disorder by protonation and hydroxylation, while its neutralization 
with NaOH is sufficient to partially restore the nanoparticles surface structure and therefore the 
observed crystallinity. On the other hand, sulfuric acid has no relevant effect on oxide crystallinity. 
These observations are of great importance if correlated with UV-Vis-NIR analyses. In fact, H2SO4 
is able to increase the reflectance of P25-containing materials in the near infrared wavelength region 
to a greater extent with respect to HNO3 and without modifying the NPs crystallinity, thus 
presenting a more beneficial overall effect compared with nitric acid.  
To further investigate the characteristics of acid-treated particles and correlate them to their 
optical and photocatalytic behavior, TEM analyses were performed. Results are summarized in 
Table 2, where both bright field and dark field images of the nanoparticles are reported. Only in the 
case of nitric acid-treated powders (sample N-T) a variation of particles aspect was noticed, i.e., a 
blurring of the external particle surface. A statistical analysis was performed on several images, 
comparing the size of same particles appearing in both bright field and dark field images – i.e., 
comparing particle actual morphology (bright field) and the dimension of the crystallite composing 
the particle (dark field), on a minimum of 50 particles per material. This analysis showed that only 
for nanoparticles immersed in nitric acid an average decrease in corresponding crystallite size of 2 
nm was observed, indicating the presence of an amorphous layer around the particle, while no 
change was found in the other materials: this further supports XRD results, which indicate a lower 
crystallinity of the N-T sample. As previously proposed, and supported by further research works, 
the amorphization is ascribed to surface protonation of the oxide in acid environment [35,52,53]. 
 
 
 
 
 
 
 
 
 
Table 2 – TEM analyses of P25 powders before treatment, after acid treatment and after 
neutralization (labels recall Table 1 although samples do not contain paint) and difference between 
TEM bright field and dark field particle size, corresponding to the difference between actual 
particle size and size of corresponding crystal domain. Uncertainties are calculated as standard 
deviation of the set of measurements. 
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Label 
Bright field TEM image Dark field TEM image Bright field - dark field 
particle size (nm) 
H-T 
  
0.1 ± 1.1 
N-T 
  
2.3 ± 1.4 
N-TN 
  
0.3 ± 1.1 
S-T 
  
0.1 ± 0.8 
S-TN 
  
0.1 ± 0.9 
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Photocatalysis tests were performed both on simple paint samples and on those containing 
the volume stabilizing sand admixture. This first evaluation was performed on all samples; results 
concerning non-treated TiO2 powders are shown as an example in Figure 4, but the same 
considerations apply to acid treated powders. Data reported are related to the percent decrease in a* 
coordinate intensity, which can be taken as an indirect measurement of dye degradation percentage 
[50]. The effect of sand is that of magnifying the photocatalytic efficiency of TiO2 NPs: this was 
ascribed to possible beneficial effects of better powder dispersion and refraction of light within the 
layer of sand-admixed paint with respect to NPs dispersed in the paint. In fact, in presence of sand 
the paint, which may shield TiO2, is present in lower content; moreover, TiO2 addition can better 
distribute over the surface of quartz granules, which in turn do not absorb UV light but rather scatter 
the portion of it that is not absorbed by TiO2, allowing it to reach other TiO2 nanoparticles. 
Eventually, also surface roughness may play a role, being sand-containing samples rougher than 
paint alone, which could make available a larger number of active sites for the photocatalytic 
reactions. 
 
 
Figure 4 – Percent decrease in a* coordinate in presence of samples prepared with TiO2 P25 NPs 
dispersed in acrylic paint (H-T) or in samples with the addition of quartz sand: acid-treated NPs vs 
non-treated ones. 
 
On the other hand, acid treatment showed a strong influence on NPs photoactivity. In fact, 
results plotted in Figure 4 indicate a decrease in photocatalytic efficiency when nitric acid is used to 
modify the NPs. Conversely, sulfuric acid does not exert a relevant effect and the NPs efficiency 
remains unaltered with respect to original P25. This was ascribed to the previously cited effects of 
nitric acid of decreasing NPs crystallinity and causing nitrates adsorption on the NPs surface, which 
may poison them.  
Interestingly, if NPs are neutralized before adding them to the samples (Figure 5), this 
poisoning effect is eliminated, and NPs acquire even higher efficiency than initial TiO2 P25. On the 
other hand, after observing the absence of effects of H2SO4 treatment on NPs photocatalytic 
efficiency, likewise its neutralization also does not lead to a significant variation of their 
photocatalytic properties. 
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Figure 5 – Percent decrease in a* coordinate in presence of samples prepared with TiO2 P25 NPs 
dispersed in acrylic paint with the addition of quartz sand: effect of NPs neutralization before 
samples preparation. 
 
Figure 6 provides a comparison among the materials tested in terms of both solar reflectance 
and photocatalytic efficiency. Data are calculated as percent variation of the performance with 
respect to materials produced with non-treated TiO2 P25 NPs. As for photoactivity, the average 
variation in RhB percent degradation at the final test duration (4 h) was chosen as parameter, in 
order to reduce the impact of small-time-scale fluctuations typical of single color measurements on 
non-uniform surfaces, while to evaluate optical properties in the NIR range the broadband 
reflectance in the 1500-2500 nm wavelength range was considered. From this summary, it is clear 
that sulfuric acid treatment of powders allows an improvement in both optical properties and 
photocatalytic efficiency, increasing the whole NIR reflectance and Rhodamine B degradation 
extent; NPs neutralization is in this case uninfluential with respect to the material functional 
properties, it only maintains the role of allowing easier powders handling. On the other hand, if 
nitric acid is used, NPs experience a smaller improvement in the NIR spectral region– almost half 
of that observed with sulfuric acid – and photocatalytic activity decreases by a large amount. The 
latter inconvenient aspect is recovered with NPs neutralization, actually reaching an increase in dye 
degradation compared to the initial TiO2 P25 performances. Hence, both acids may be taken into 
consideration to produce TiO2 cool pigments by acid treatment of commercial TiO2 powders. Still,  
the overall behavior ensured by sulfuric acid treatment is less dependent on the full production 
cycle: it allows to improve optical and functional properties of TiO2-admixed materials to a large 
extent, and still to preserve these improvements in case NPs neutralization is needed for safety or 
material durability purposes, representing therefore a more reliable choice of treatment. 
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Figure 6 – Percent variation in the two main properties investigated, i.e., photocatalytic efficiency 
(RhB degradation extent) and reflectance computed in the range 1500-2500 nm, as a function of the 
treatment undergone by TiO2 NPs. 
4. Conclusions 
This work investigated the possibility of modifying TiO2 nanoparticles optical properties, 
aiming at improving the energy and environmental performance of self-cleaning building materials 
that contain such compounds. In previous evaluations by our research group [35] acid treatment was 
performed on the final building material (mortar or bituminous membrane) to understand the origin 
of the NIR reflectance alteration observed outdoor: in this context, diluted sulfuric acid was 
discarded, as it affected also the aesthetical appearance of the matrix to which TiO2 was added to a 
greater extent with respect to what observed in natural exposure. We here demonstrate that a pre-
treatment of powders by either nitric acid or sulfuric acid can be performed without aesthetic issues 
if powders are treated before being added to the matrix material (e.g. mortars or paints). Indeed, the 
acid treatment is not considered hazardous towards the final matrix or substrate in which the TiO2 
will be admixed or applied on. Moreover, a neutralization step is also proposed, which is aimed at 
decreasing handling issues of acid-treated nanoparticles. Tests showed a better reliability of the 
sulfuric acid treatment, which ensures improvements in NIR reflectance while avoiding undesired 
decreases in photocatalytic efficiency. This makes H2SO4 the best candidate for TiO2 nanoparticles 
acid treatment with the aim of improving both their reflectance in a wavelength region unaffected 
by aging and sustaining their photocatalytic activity over time. 
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